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Tus investigation was undertaken with the aim of finding out quanti- 
tatively the way in which lots of individuals belonging to one species 
but living in widely separated localities differ. The fact that such 
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lots differ is recognized by many naturalists and has been designated 
“geographical variation.”” Hitherto attention has been directed especially 
toward the geographical variation of land animals, especially mammals 
and birds. Above all, in America, ever since Allen’s work on the 
subject, has the study of the geographical variation of mammals and birds 
of North America been pursued with energy. The studies made have, 
it must be confessed, rarely been undertaken in the spirit of great pre- 
cision which characterizes modern biometry. Not only is the fact of 
geographical variation thus recognized, but this class of variations is 
regarded by many as being more important than any other in the origin 
of species. Under these circumstances it becomes interesting to examine 
a case of geographical variation biometrically. 


II. MarTeriA. 


The material used in this investigation has been the shells of Pecten 
opercularis, a common bivalve mollusc. Visiting Europe in the autumn 
of 1902, with the aim of gathering material for this study, I obtained 
sufficiently large numbers of this species from four localities, as follows : — 

1. The Firth of Forth, two miles north of Newhaven on the “ city 
of Edinburgh grounds,” living in six fathoms (12 metres) of very clear 
water, on hard, clean shell-bottom. The salt content of the estuary at 
this point must be much diluted below that of the adjacent North Sea, 
where it is about 3.4 per cent.* 

2. The Irish Sea, in latitude 54° 18’ N and longitude 4° 12’ W. 
The salt content of the water in which these shells were living is probably 
between 3.4 and 3.5 per cent. The bottom is sand and mud. The 
depth was about 20 metres. The July temperature of the surface of 
the sea is about 57° F. (14° C.).f 

8. The northwestern part of the English Channel, in the vicinity of 
the Eddystone Lighthouse, within two miles of the Light to the north, 
and within five miles to the east and to the west. The depth of the 
water is 30 to 35 fathoms (60 to 70 metres). The mean density of the 





* Mr. Thomas Devlin of Newhaven kindly arranged for the collection and 
shipment of these shells and gave me the data concerning the collecting ground. 

t For the collection of shells from the Irish Sea, I am indebted to the-Liverpool 
Marine Biology Committee, whose well-equipped new laboratory I visited in 
August, 1902. Especial thanks are due Professor Herdman, director, and Mr. 
H. E. Chadwick, curator, for interesting themselves in my search for pectens. 
Most of the data concerning the place of collection were sent me by Mr. Chadwick. 
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sea-water in this part of the Channel is 3.5 to 3.55 per cent, and the 
mean surface July temperature is about 62° F. (16.7° C.)* 

4. The fourth collection was obtained from the Bay of Naples in 
30 metres, off the Posilipo. These were of small size, probably not 
fully grown, and are not included in the present study.f 

Before attempting to compare the shells from different localities, it is 
essential to consider whether they are comparable. Age is an important 
factor of variation that must not be neglected. Over 99 per cent of the 
shells measured had a dorso-ventral diameter between the limits of 40 and 
75 mm. As they were all collected in the autumn, at which time the 
new brood is very small, they were clearly at least one year old. From 
analogy with Pecten irradians they do not live to be three years old. 
Consequently they must be either one or two years old. While the 
pectens of the new brood may increase in diameter as much as a milli- 
metre a day, the growth after the first year is exceedingly slow, aver- 
aging from 5 to 10 mm. for the entire second year and much less 
in the third year. Consequently the range in diameter (as given in 
Table I) can be attributed in only small part to differences in age. The 
material was all taken by dredging, and consequently quite at random. 
There is nearly perfect correlation between the right and the left valves 
in the dorso-ventral and the antero-posterior diameters as well as in the 
number of rays. So that, for most studies, one valve alone need be 
considered. ‘The lower valve has usually been chosen. 

The geographical range of Pecten opercularis is, according to Locard 
(1898), as follows. In the east Atlantic, to the north (at a depth of 
between 9 and 187 metres), as far as the Lofoten Islands off the coast 
of Norway. It is found on the coasts of Great Britain and Ireland, 
France, Spain, Portugal, Morocco, and south to the Azores, Madeira, 
and Canary Islands. To the west it has been dredged (by the “ Light- 





* These shells were obtained for me in September and October, 1902, through 
the generous assistance of the Marine Biological Association’s laboratory at 
Plymouth. I take this opportunity to express my obligation to Director E. J. 
Allen, D.Sc., to Mr. R. A. Todd, who was in charge at the time of our visit and 
advanced our work in every way, and to the other members of the laboratory 
staff. 

t To the Director, Professor Dohrn, Professor Eisig, Dr. LoBianco, and the other 
members of that Mecca of zodlogists, I am glad to return thanks for the oppor- 
tunity to study at the laboratory and for assistance received there. 

I gladly acknowledge, moreover, my indebtedness to the Smithsonian Institution, 
under the direction of Professor Langley, for an appointment to the table of the 
Institution at the Naples laboratory. 
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ning ”) off the Hebrides and Faroe Islands at a depth of 670 metres. 
In the Mediterranean it occurs from Gibraltar to Asia Minor on the 
coasts of Europe, Africa, and Asia, and most of the isles, also in 
the Adriatic and A®gean seas. The species is found fossil from the 
Miocene on. 


III. Mertuops. 


The two valves of Pecten are respectively right and left; they are 
also upper and lower, for the mollusc, during early life at least, lies 
upon its right side. The right valve is notched near the hinge to 
permit the passage of the byssus, the tough, threadlike secretion by 
which the shell is attached to the substratum. The two valves can be 
readily distinguished by the presence or absence of this notch, and it 
will be convenient to use preferably the terms “lower” “and upper.” Six 
dimensions were taken on each valve; namely, first the dorso-ventral 
diameter, perpendicular to the hinge line at the beak ; second and third, 
the antero-posterior distance in front of and behind this line (the sum 
of these, naturally, gives the total antero-posterior dimension) ; fourth 
and fifth, the length of the anterior and of the posterior part of the 
hinge, measuring from the beak (the sum gives the total hinge length) ; 
and sixth, the partial dextro-sinistral diameter, or the greatest perpen- 
dicular distance from the plane passing between the two valves to the 
outside of the valve. The measurements were made with a special 
instrument, which might be called a valvameter, constructed as follows : 
At a point on the circumference of a circular planed steel base 11 mm. 
thick and 170 mm. in diameter, there rises perpendicularly a scale, 
graduated to millimetres. Upon this scale slides an arm, which is 
parallel to the base and extends out over its centre and also bears a 
vernier, by which distances on the scale may be read, from the base, 
to tenths of a.millimetre. Upon the base is pasted a piece of metric 
quadruple-ruled paper so that one system of lines runs parallel to the 
arm. The valve to be measured is placed flat on the basal plate with 
its beak touching the vertical scale and with the hinge line strictly tan- 
gential. The zero lines having been carefully adjusted at the time of 
affixing the quadruple-ruled paper, one can read off at once the dorso- 
ventral and the two parts of the antero-posterior diameter and the two 
partial hinge lengths. By lowering the arm until it touches the highest 
part of the shell, one can read off on the vertical scale the transverse 
diameter of the valve (partial transverse diameter of the animal). 
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IV. Resvtts. 
1. Change of Proportions with Age. 


In order to make use of the dimensions of shells of different sizes, it 
is important that we should know how and to what extent the shells 
change in proportions as they grow larger. The change in the propor- 
tions of the two chief axes perpendicular to the transverse interests us 
most at this time, and are given in Table I for all localities. 


TABLE I. 


For £acu Crass OF DorSO-vVENTRAL DIAMETERS ARE GIVEN THE FREQUENCY AND 
THE Ratio OF ANTERO-POSTERIOR DIAMETER TO DORSO-VENTRAL DIAMETER 
FOR THE RiGHT VALVES OF ALL SIZES FROM THE THREE LOCALITIES. 


Dorso-ventral Eddystone. Irish Sea. Firth of Forth. 
diam. in mm. #- Ratio. SI. Ratio. Be Ratio. 
25-29 1 0.926 
30-34 0 
35-39 4 1.001 2 0.987 
40-44 48 1.007 5 0.991 
45-49 90 1.019 4 1.014 15 1.006 
50-54 137 1.041 14 1.025 33 1.013 
55-59 212 1.049 80 1.040 66 1.026 
60-64 40 1.052 272 1.049 112 1.034 
65-69 4 1.067 194 1.061 130 1.039 
70-74 2 1.114 40 1.065 126 1.044 
75-79 £ 1.026 23 1.058 
80-84 9 hi _2 1.050 
N 537 613 507 


This table shows, first, that the Eddystone shells are the smallest, and 
the Firth of Forth shells the largest, the shells from the Irish Sea being 
intermediate in size ; secondly, that there is an increase in the ratio from 
near or even below unity in the smaller shells to a point much above 
unity, 1.06-1.10, in the largest shells; and thirdly, that the shells of a 
given dorso-ventral diameter are longest at Eddystone and roundest at 
the Firth of Forth. Thus for shells having a length of 67 mm. the 
ratios are: 1.067, 1.061, and 1.039 in the three localities. 

A similar change of proportion with size I have found in Peeten trra- 
dians from the east coast of the United States and in Pecten ventricosus 
from the coast of southern California. Assuming that the small shells 
retain embryonic characters more than the large ones do, then in accord- 
ance with the biogenetic law we would be led to conclude that the ances- 
tral pectens had a relatively greater dorso-ventral diameter, and that 
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modern pectens are becoming longer. This must, however, remain an 
hypothesis until measurements have been made on the British fossil 
Pecten opercularis. 


2. Symmetry in Pecten. 


Pecten belongs to a group (Lamellibranchiata) which is characterized, 
on the whole, by a high degree of bilateral symmetry; i.e., the right 
and the left valves tend to be equal in all their axes. Some remarkable 
exceptions to this rule, however, occur; as in the case of the oyster, the 
family Chamida, and the now extinct family of Hippuritide. In all 
such cases the mollusc rests on one valve, either the right or the left, 
and it is usually stated that “the fixed valve, whether right or left, is 
always deep, and the free valve flat.” * Pecten rests invariably upon 
the right valve, and this is (Tryon, 1882, p. 288) in most species the 
more convex. This is, indeed, true for Pecten maximus and even Pec- 
ten trradians, but it is not true for Pecten opercularis, despite its close 
relationship to the latter species ; for in Pecten opercularis the lower valve 
is the flatter.| The ratio of the breadth of the upper valve to the lower 
valve is, however, not constant for shells of all sizes. The facts are 
shown in Table II. 

TABLE II. 


Ratio or BREADTH OF Upper VALVE DIVIDED BY BREADTH OF LOWER VALVE 
FOR SHELLS OF ALL S1ZES FROM THE IRISH SEa. 


Breadth of lower | Upper valve breadth Breadth of lower | Upper valve breadth 
valve in mm. Lower valve breadth valve in mm, Lower valve breadth " 
40-45 1.875 (1 case) 90- 94 1.485 
60-64 1356 95- 99 1.455 
65-69 1.450 100-104 1.448 
70-74 1.548 105-109 1.437 
75-79 1.542 110-114 1.416 
80-84 1.514 115-119 1.3857 
85-89 1.507 120-121 1.463 (1 case) 





This table shows that in the smaller shells, of 62 mm. breadth, the 
ratio is 1.35, that it rises from this to 1.55 at about 72 mm., and then 
falls to 1.36 in shells whose lower valve has a breadth of 117 mm. The 
meaning of this series is quite obscure. Some would see in it evidence 
of selection tending in later life to weed out the more unsymmetrical 
individuals; others would draw the conclusion that the ancestors of 





* Cooke (1895), 271; Tryon (1882), 53. 
t This fact was noted by Lamarck (1819). 
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Pecten were more nearly equivalve than their later descendants, but that 
in very recent times the species has tended to become symmetrical 
again. Again it is quite possible that the series has a physiological 
explanation. It would be interesting to know whether those pectens 
whose lower valve has a breadth under 75 mm. rest on the upper or left 
valve while the larger ones have the normal position. Whatever the 
explanation of the series, the main fact stands out clearly that Pecten 
opercularis is bilaterally unsymmetrical. 

We have next to consider whether with the loss of oymenntey there 
has also gone a loss of correlation in the variation of the valves. It is 
perfectly possible, of course, to have perfect correlation in variation of 
two unequal dimensions. And the two sides of the body in most Bilate- 
ralia have a very high correlation, as shown below. 


TABLE III. 


Some CoEFFICIENTS OF CORRELATION OF CORRESPONDING RIGHT AND LEFT 
OrGans IN BILATERALLY SYMMETRICAL ANIMALS. 


R. femur and 1. femur, man 0.9765 -+- .0032 Warren, 1898. 
R. tibia and 1. tibia, = 0.9634 +. .0044 z “ 
R. humerus and 1. humerus, “ 0.9454 + .0091 - e 
R. radius and 1. radius, ? 0.9246 +. .0151 $ ee 
R. clavicle and 1. clavicle, “ 0.9317 +. .0115 € 
Metacarpal 
of thumb on r. and 1. hand, man 0.974 + .006 ara whiney, — 
of index finger onr. andl. hand, ‘ 0.990 + .002 
of middle finger on r. and]. hand, “ 0.985 -+ .003 a se 
of ring finger on r. and 1. hand, “« 0.946 + .011 e - s 
of little finger on r.andl. hand, ‘“ 0.955 + .010 as 6 e 
No. r. and 1. pectoral fin-rays, Acerina, 0.700 Duncker, 1897. 
No. r. and I. pectoral fin-rays, Cottus, 0.700 “ * 
No. glands, r. and |. foreleg, Sus, 0.79 Davenport & Bullard, 1896. 
No. teeth, r. and 1. jaws, Nereis, 0.820 -++ .008 Hefferan, 1900. 


We have already some data upon the correlation of bilaterally homolo- 
gous organs occurring in unsymmetrical species. Duncker has made a 
study of such a case in the flounder, Pleuronectes flesus, L. This fish lies 
upon the bottom on its left side, with both eyes on the right side. In 
this case the lateral correlation is strikingly small. Thus between the 
right and left pectoral fin-rays it is 0.590 + .013; between the right and 
left ventral fin-rays it is 0.228 + .020. Another instance has been afforded 
by Yerkes (1901) in the case of the fiddler crab, Gelasimus pugilator, 
Latr. These crabs have a symmetrical body except that the first of the 
walking appendages bears a large terminal claw on the one side and only 

VOL. XXXIx.—9 
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a small one on the other side. The side is indeterminate, about fifty per 
cent of the individuals being right-handed and fifty per cent left-handed. 
The great claw is nearly thrice as large as its fellow of the opposite side. 
Nevertheless, the correlation is as high as in some cases of symmetrical 
organ; it is, namely, 0.774. 

In the case of Pecten opercularis from the Irish Sea the correlation 
between the breadth of the right valve and that of the left valve is 
r == 0.8578 + .0056. This correlation is higher than between some sym- 
metrical organs in vertebrates and in the lower vertebrates. It is, how- 
ever, lower than the symmetrical correlations in man, 

The question arises whether in the new position of a species the parts 
arranged about the newly assumed vertical axis may not have a high 
correlation. Duncker has found this to be the case in the flounder. 
Thus the correlation between the dorsal and the ventral fin-rays is 0.672 + 
.011, so that the morphologically dissimilar but now antimerically placed 
organs are more closely correlated in their variations than the bilaterally 
homologous organs. The same thing is found in Pecten. In the normal 
position of Pecten, in which it lies upon its right side, so that its trans- 
verse axis is vertical, the antero-posterior and the dorso-ventral axes 
are horizontal. What is the correlation between the lengths of these 
horizontal axes? 

TABLE IV. 
CorRELATION COEFFICIENTS BETWEEN THE ANTERO-POSTERIOR DIAMETER AND 


THE Dors0O-VENTRAL DIAMETER OF THE LOWER VALVE OF PECTEN OPERCU- 
LARIS FROM THREE LOCALITIES. 


Locality. Number of Individuals. r. P.E.r. 
Eddystone (Appendix A) 537 0.96997 + .00124 
Trish Sea (Appendix B) 613 0.97596 -+. .00093 
Firth of Forth (Appendix C) - 607 0.98495 +. .00063 


Here the correlation coefficients of non-bilateral dimensions are ex- 
tremely high, as high as in many of the highest human coefficients 
between bilateral dimensions. As a result of the newly assumed position 
of the scallop, two formerly largely independent axes have come to vary 
simultaneously just because they have similar relations to the bottom. 
Pecten has gained a new kind of symmetry; namely, a radial symmetry. 
The fact points very forcibly to another conclusion; namely, that physio- 
logical factors are much more important in determining correlation than 
morphological relationship when the two come in conflict. 

We have considered the variation and correlation of the transverse 
diameters of the two valves and also the correlation between dorso- 
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ventral and antero-posterior axes. We must now combine these two 
systems by determining the relation of the dorso-ventral- diameter and 
the transverse. This relation is set forth in Table V. 


TABLE V. 


Ratio OF Dorso-vENTRAL DIAMETER TO “PaRTIAL” BREADTH 
oF Riegut VALVE. 


Dorso-ventral Ratios. 
diameters in mm, Eddystone, Irish Sea, =‘ Firth of Forth, 
25-29 146 
30-39 146 .161 
40-44 145 .156 
45-49 146 155 132° 
50-54 151 151 132 
55-59 .149 152 138 
60-64 145 155 136 
65-69 148 153 134 
70-74 175 153 134 
75-79 138 .133 
80-84 139 


The ratios given in Table V above register the (half) globosity of the 
mollusc. The difference in globosity between the Eddystone and the 
Irish Sea forms is not marked, but the Forth shells are decidedly flat. 
There is no clear change in globosity with age. 

All axes of the molluscan body are of course correlated. We have 
seen that this correlation becomes extraordinarily high in axes that play a 
physiologically similar part. What is the correlation between the dorso- 
ventral and transverse diameter of the right valve, which play very dis- 
similar parts ? 

TABLE VI. 


CORRELATIONS BETWEEN DORSO-VENTRAL DIAMETER AND PARTIAL TRANSVERSE 
D1aAMETER OF Ricut VaLve (AppenpDIcEs D, E, F) 


Locality. Number of Individuals, if. PET. 
Eddystone 537 0.8446 -1. .0063 
Irish Sea 614 0.7840 + .0081 
Firth of Forth 508 0.8497 -+ .0064 


The difference between the correlation coefficient of Eddystone and 
that of the Firth of Forth shells is probably not significant; but the 
Irish Sea shells have sensibly the least correlation between the axes in 
question. 
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3. Ray Frequency. 


a. Correlation between Ray Frequency and the Dimensions of the Shell. 
— The variability of the rays was determined by counting the grooves on 
the inner face of each valve. This ordinarily presents no difficulty, but 
occasionally the terminal groove of a series is so obscure that it is doubt- 
ful whether it should be counted or not. The rule adopted was to 
count any groove that had an appreciable elevation on two sides. An 
elevation is determined by its ability to cast a shadow or to jar a pencil 
point drawn across the inner face of the shell. 

The number of rays varies from 14 to 22, the prevailing numbers 
being 17 and 18. It is important to determine whether the variability 
in rays is correlated with the size of the shell, so that there are more or 
possibly fewer rays as the shells become larger. The rays run roughly 
dorso-ventrally in an antero-posterior series, much as a@ mammal’s 
ribs run, except that they start from a single dorsal point, the beak. 
It might be expected that the greater the antero-posterior axis the 
greater the number of rays. An inquiry into this relation willbe at the 
same time an inquiry into the relation between number of rays and size, 
because the length of the antero-posterior axis is one index of size. 
Again the breadth of the valve is, to a certain extent, independent of the 
antero-posterior length; and since broad shells have a greater area than 
narrow shells of the same length of median axes, we might expect the 
number of rays to be correlated with breadth. The appropriate correla- 
tion surfaces having been prepared (Appendices G, H), the following 
correlation coefficients were calculated : — 


Between number of rays and antero-posterior diameter . r= — 0.074 + .027 
Between number of rays and breadth, right valve . . . r= —0.057 + .027 


The departure of r from 0 is negative, the relation being the reverse of 
our expectations; but as the departure from 0 is only about twice the 
probable error, it is quite probable that no relation whatever exists 
between the number of rays and the size and form of the shell. The 
number of rays is determined very early in the life of the individual and 
is independent of environment. It follows from this that, for the com- 
parison of races and the study of the effects of isolation, the number of 
rays is an ideally good character. 

b. Variation in the Number of Rays from the Three Localities. — The 
seriations of the number of rays for the lower valves from the three 
localities are given in Table VII. (See also Fig. 1.) 
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RAY CLASSES |4 7 F.F. 
Ficure 1. 


Polygons of percentage frequencies of rays. 
Eddystone. 
weerccuae= Trish Sea. 
“os — Firth of Forth. 


The centroid verticals are drawn at E., I. S., and F. F., respectively. 
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TABLE VII. 
Number of FREQUENCIES, 

Rays. Eddystone. Irish Sea. Firth of Forth. 
14 1 0.2% 0 1 0.2%, 
15 5 09 8 0.5% 8 16 
16 77 14.4 27 4.4 63 12.4 
17 195 36.4 152 24.8 154 30.3 
18 182 34.0 219 35.7 164 82.3 
19 66 12.3 159 25.9 96 18.9 
20 9 1.7 45 7.3 20 3.9 
21 0 8 1.3 2 0.3 
22 1, 02 1 02 = 

536 614 508 


From these seriations the constants have been calculated as follows : — 


Eddystone Light. Mean, 17.478 - .029 rays; stand. dev., 1.000 -+ .020 rays; 
coef. of var., 5.72 + .12%. 
My = 0.999495 bg = 0.201477 My = 8.474918 
B, = 0.040654 By = 3.47842 Crit. funct. («,) = 0.037046 
.". Type IV. Skewness = 0.08015; mode at 16.6955. 


CoMPARISON OF EMPIRICAL AND THEORETICAL PoLyGons. 


165.89 (cos 6)19-51944 , 0-0000166 0”, 


Yor 
Class. Observed. Theoretical. Class. Observed. Theoretical, 
14 1 0.6 18 182 182.3 
15 5 8.2 19 66 60.5 
16 77 68.4 20 9 10.9 
17 195 203.7 21 0 1.5 


22 1 0.0 


Irish Sea. Mean, 18.101 +- .029 rays; stand. dev., 1.074 + .021 rays; coef. of 
var., 5.931 + .114%. 
Mg = 1.152672 Mg = 0.219822 My = 4.09141 
8, = 0.031552 B, = 3.079312 Crit. funct. («;) = 0.06398 
Type IV, or normal type. (Skewness, 0.08698.) 


CoMPARISON OF EMPIRICAL AND NoRMAL POLYGONs. 


Claas Observed. Theoretical. Class. Observed. Theoretical. 
15 0.5% 0.7 19 25.9%, 25.9 
16 4.4 5.9 20 7.3 8.4 
17 24.8 22.1 21 1.3 1.2 
18 85.7 35.7 22 0.2 0.1 


100.1 100.0 
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Firth of Forth. Mean, 17.673 + .027 rays; stand. dev., 1.117 + .019 rays; 
coef. of var., 6.82 + .11%. 
My = 1.247553 Bg = 0.021655 fg = 4.422348 
B, = 0.000241 B, = 2.841431 Crit. funct. («,) = — 0.000060 
Normal type. (Skewness, Type L, 0.0069.) 


CoMPARISON OF EMPIRICAL AND NorMAL Potyeons. 


Class. Observed. Theoretical. Class. Observed. Theoretical. 
14 0.2% 0.2 18 32.3% 83.2 
15 1.6 2.4 19 18.9 17.9 
16 12.4 12.1 20 3.9 4.5 
17 30.3 29.1 21 03 _06 
99.9 1000 


In all cases the relation between the observed and the calculated 
frequencies is fairly close. 


4, Individual and Specific Variability. 


In The Origin of Species Darwin refers to the “notorious” fact that 
specific characters are more variable than generic ones. The evidence 
he presents is, naturally enough, wholly qualitative. Brewster (1897) 
first tested this law quantitatively, making use of various data derived 
from mammals, and found it to be confirmed. Heincke (1898) finds 
the law to hold good for races of herring. He says: “ Die Rassen des 
Herings unterscheiden sich in sehr vielen und im allgemeinen in denselben 
Eigenschaften von einander, in denen die Species der Gattung Clupea 
von einander verschieden sind. Nur sind die Unterschiede der Rassen 
meistens, aber nicht immer, kleiner als die der Species ” (quotation from 
Duncker, 1899, p. 366). The genus Pecten affords a good opportunity 
to test this, especially in the case of the relative variability of the ante- 
rior and the posterior “ear,” or half, of the hinge line. For in some 
species of Pecten the posterior ear is nearly equal to the anterior ear. In 
other species it is very much less. The anterior, or notched, ear is the 
more constant ; it may be regarded as a generic character. The posterior 
ear may be regarded as a specific character; is it more variable than the 


anterior ear? 

a. Geographical Variation of the Fars.— First, a brief consideration 
of the differences in hinge proportions in the different localities. The 
different species of Pecten differ greatly in the length of the hinge in 
relation to that of the main part of the body. It has seemed worth 
while to calculate the average ratio of length of hinge joint to length 
of shell for each locality. 
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The results are as follows : — 
Length hinge joint 





Locality. Antero-posterior length ‘ 
Eddystone Light 507 
Irish Sea 483 
Firth of Forth 473 


Thus the Firth of Forth shells have relatively the shortest hinge 
joint; those from Eddystone the longest. 

We have now to consider the portions that the anterior and posterior 
ears, respectively, bear to the entire hinge joint. This proportion is im- 
portant because in many species, e. g., Pecten varius, the posterior ear is 
only half as long as the anterior, or even less; that is, the proportions are 
33 per cent and 67 per cent, respectively. In Pecten opercularis, also, 
the posterior ear is the shorter; the proportions for the three localities 


are as follows : — 


Locality. Anterior % Posterior %, j 
Eddystone 538 462 : 
Trish Sea 520 .480 f 
Firth of Forth 533 467 f 


That is to say, near the Eddystone Light Pecten opercularis has the pos- 
terior ear proportionately shortest (46:54), while in the Irish Sea the 
two ears are most nearly equal (48: 52). 

b. Variability of the Ears and their Correlation with the Antero- 
posterior Diameter.— The correlation between the antero-posterior di- 
ameter on the one hand and the anterior ear and the posterior ear on the 
other has been worked out for 541 lower valves from the Irish Sea. 
The correlation is sensibly the same in both cases; for the anterior ear, 
r = 0.768 + .009, and for the posterior ear r= 0.779 + .009 (Appendices 
I, K.) 

The standard deviation for the length of the anterior ear is 1.875, and 
for the posterior ear, 1.378; the coefficient of variation is in the two 
cases 7.97 + .16 and 9.30 + .19, respectively. Since these are graduated 
variates, the coefficient is the more significant index of variability.* The 
coefficient of variation is 17 per cent higher in the posterior ear than in the 
anterior ear. So far as this case goes, then, it confirms for a mollusc 
the results of Brewster for man and mammals and Heincke for fish. 





* See my 1900 paper, p 962. 
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5. Color Variations and Abnormalities. 


The three collections differ in general appearance as much as in dimen- 
sions ; that is, they have certain features in common and others that are 
peculiar. The upper valves from all localities are more highly colored 
than the lower valves. This condition is found in pectens in general 
and is probably due to the greater exposure of the upper valves to the 


light. The lower valves, however, sometimes exhibit concentric rings of 
color. Pecten opercularis from the three localities tends to have on. 
the upper valve a median light-colored rib and a submarginal one on: 
each side. Concentric rings of color are common, especially in the Irish: 
Sea and Firth of Forth shells. Antero-posterior stripes of white are- 


frequently present in the young shells from all localities, but especially. 
in those from the Forth. 


The upper valves from Eddystone are the lightest in color of all in the- 


collection, probably due to their living at a greater depth, where less sun 


light penetrates. Relatively few barnacles, but many serpula tubes, ad- 


here to them. The Firth of Forth valves are very muddy, indicating 
that there was some mud on the “shelly” bottom. They are densely 
covered with barnacles and bear a few serpulas. They vary in color 
from white to dark red-brown. The Irish Sea valves are, on the whole, 
the darkest of all, being nearly uniformly red-brown. Of the variations 
in ground color, yellow is the commonest, being found in all localities. 
From the Irish Sea I have noticed also orange, piuk, salmon, and lav- 
ender. The color variation from yellow to red is that characteristic of 
lipochromes, whose presence has been detected in the shells of Pecten.* 

The abnormalities which I have come across may be classified as follows : 
(a) Interference with the development of the shell by organisms growing on 
it; and (4) abnormal rays, due to abnormal crenulations of the mantle. 

a. Interference with Development by Growth of Organisms on the Shell, 
— The effect was repeatedly noticed in valves from Eddystone, and only 
from here. Numerous Serpule grew on the valves, and as they reached 
the free margin of the shell turned toward the opposite valve. Thus a 
barrier was interposed at the margin to the further enlargement of the 
shell, which is, consequently, notched at this point. That this peculiar 
modification of the shell was found in this locality only, is correlated with 
the fact that there are more Serpul@ on the shells here than elsewhere. 
In a shell from the Firth of Forth the growing edge has been interrupted 
by a mat of escharine Bryozoa.t 





* Teste, Newbigin (1898), 189. t No. 15775, University of Chicago collection. 
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b. Abnormal rays are found in all three collections and not more fre- 
quently in one valve than the other. Not all rays are equally apt to be 
affected, but only those near the middle or near the extreme margin. It 
is especially the two rays at the ends of the series and five on each side 
of the middle that are affected. The following cases may be cited. 


Type 1. An additional (single) ridge appears on the side of a normal 
double ridge * (No. 15821). The extra ridge is of ontogenetically recent 
origin and cannot be traced to the young shell, but is, as it were, budded off 
from the side of the adjacent normal ridge. * 

Type 2. An additional (single) ridge is interpolated midway between two 
normal double ridges (No. 14553). In the case given there is only a ridge 
on the inside of the valve and no corresponding groove on the outer side. 

Type 3. The lateral ridge or one that occupies the middle of the furrow 
shows various gradations from a single ridge to a more or less completely 
double one (Nos. 13665, 16258). The groove showing the extra ridge lies in 
a ray that was originally typical but suffered an injury when 20 mm. in 
diameter. Since then there has been a tendance toward bifurcation of the 
ray (No. 8140). In No. 13665 the evidence of injury is more doubtful ; but 
the tendency to double began at a corresponding age of the mollusc. 

Type 4. Two narrow but normally double ridges are in contact, or the 
groove between them is abnormally narrow (Nos. 13594, 13759, 14034). In 
No. 13794 an injury to the edge of the shell and mantle occurred when the 
pecten was of 10 mm. diameter, and twelve rays were laid down as a more or 
less unconformable continuation of the young rays. In the readjustment of 
new rays to each other two rays come to lie close together. A similar acci- 
dent had occurred in No. 13759, but in No. 14034 a groove has been plainly 
interpolated. 

Type 5. A lateral or median interpolated ridge may become obsolescent, 
‘and a groove of unusual width result (Nos. 13555, 14610, 13912, 13760, 
15691). In No. 13555 three grooves arose, after an accident (?), from four, 
and one of them gradually broadened preparatory to division. Nos. 13912, 
14610, 13760, and 15691 have had a similar history. 


To sum up, the abnormal rays are induced by abnormal conditions, as 
follows: (1) A rib may differentiate off from one of the main ridges as an 
independent ray; (2) a rib may widen and divide into two equal ribs ; 
(3) a rib may arise late in life independent of other ribs and gradually 
gain a size codrdinate with the others; (4) a ridge may appear on the 
inside of a valve without a corresponding groove on the outside (a condi- 
tion that is normal in the genus Amussium) ; (5) after an injury, or when 





* A rib, as seen from the inside face of the shell, has square, angular edges 
which usually are elevated as ridges. There is such a ridge running along each 
edge of the rib; i. e., the complete normal rib has a double ridge. 
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new shell is laid down unconformably upon old, one or more rays may be 
incompletely or abnormally regenerated. 


6. Definition of the Form Units. 


It is clear from the foregoing sections that the pectens from the differ- 
ent localities are sensibly different. Upon just such differences as these, 
varieties have, in the past, been named and described at length, but 
totally inadequately, by means of adjectives. I have no interest in 
applying a name to the form units, but I think it is worth while to define 
them quantitively, as in Table VIII. To be precise, this definition holds 
only for the right valve of Pecten opercularis coming from the localities 
which have been defined in detail and collected in October or November, 
Indeed these definitions present only the condition, as near as half a 
thousand random samples can give it, of the form units in the autumn of 
1902. They afford standards of comparison with future years, which can- 
not be said of qualitative definitions. 


TABLE VIII. 
PROPORTIONS. 
Eddystone. Irish Sea, Firth of Forth. 
Maximum dorso-ventral diameter. . . . . . t70mm. 77mm. *80 mm. 
Ratio a-p. to d-v. diam. when d-v. diam. = 67 mm. *1.067 1.061 +1.039 
Ratio hinge length toa-p.diameter . . . . . *0.507 0.483 0.473 
Ratio anterior ear length to hinge length . . . *0.5388 0.520 0.533 
Ratio posterior ear length to hinge length . . . 0.462 *0.480 0.467 
Half globosity at length of 53mm. ... . . *0.151 *0.151 10.1382 
Rays. 
Eddystone. Irish Sea, Firth of Forth. 

Average number of rays . . . 117.478 + .029 *18.101-.029 17.673 + .027 
Standard deviation, rays . . . f 1.0004 .020 1.074.021 * 1.117-+.019 
Coefficient of variability . . . ¢ 5.72 +.12% 698 4.11% * 682 -4.11% 
Theoretical mode ... . . 116.606 © *18.101 17.673 
Skewness of distribution polygon 0.0802 * 0.0870 Tt 0.0069 


CoRRELATION COEFFICIENTS. 
Eddystone. Irish Sea. Firth of Forth. 
A-p. diam. and d-v. diam. 0.96997 + .00124 0.97596 4 .0093 0.98495 +. .00063 
D-v. diam. and partial 
transverse diam. . . 0.8446 +. .0063 ¢0.7840 +..0081 *0.8497 -| .0064 


Sum of symbols . . *4+77=11 *5+72=7 *5+75=10 


Form unit with the greatest number of extreme quantities : Eddystone. 
Form unit with the next greatest number of extreme quantities: Firth of Forth. 
Form unit with the least number of extreme quantities: Irish Sea. 





* Maximum. t Minimum. 
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a. Eddystone.— This form unit is, on the whole, the most extreme, 
being such in eleven out of the thirteen (not always independent) measure- 
ments. It has the least minimum dorso-ventral diameter, and therefore 
the greatest ratio of a-p. to d-v. diameter, when the d-v. diameter equals 
67 mm. It has the smallest ratio of posterior ear length to total hinge 
length, and consequently it has proportionately the longest anterior ear. 
Its globosity is high. Its average as well as modal number of rays is 
least. The index and coefficient of variability are both least. On the 
other hand it has relatively the longest hinge joint. In the skewness of 
ray distribution and in the correlation of d-v. diameter and partial trans- 
verse diameter it is intermediate. And, it may be added, the upper 
valves are lightest in color. In general, the right valves are the smallest, 
longest, most globose, and lightest in color of all the lots; they have the 
longest hinge line and the beak lies farthest posteriorly on the hinge. 
The number of rays is smallest and least variable. The d-v. and a-p. 
diameters are least correlated. 

b. Firth of Forth. — This form unit is least like the Eddystone form 
unit. The right valves are largest and roundest and flattest of all the 
lots; they also have the shortest hinge line. The variability of the rays 
is greatest, but their skewness least. Their correlations are high. The 
average and modal number of rays and the position of the beak on the 
hinge are intermediate. 

ce. Irish Sea. — This form unit is, in most respects, intermediate be- 
tween the others. It has, however, the greatest mean and modal number 
of rays, with the greatest skewness of their distribution; also its beak 
lies farthest forward on the hinge. Its correlations are relatively slight. 

Can we correlate these peculiarities of the form units with any facts of 
physiography? ‘The correlation that appears at once is with latitude. 
Eddystone is at N 50° 15’; the Irish Sea at 54° 18’; the Firth of Forth 
at 56° 5’. The shells occurring at extremes of latitude are extreme in 
qualities also; and difference of latitude means difference of tempera- 
ture. Thus the mean annual marine isotherm of 57° F. for the 
surface in September runs through the Irish Sea near the Isle of Man; 
it runs 500 kilometres south of the Firth of Forth in the North Sea and 
300 kilometres north of Land’s End. Clearly, then, the sea temperature 
of the Irish Sea is intermediate between that of the Firth of Forth and 
that of Eddystone. Likewise in density of water and depth the Irish 
Sea locality is intermediate-between the other two. 

Again, regarding Pecten opercularis, which is closely allied to P. 
trradians of the western Atlantic and P. ventricosus of the eastern 
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Pacific, to be, like them, semi-tropical species in origin, then the Eddy- 
stone scallops will lie nearest the centre of distribution and the Firth of 
Forth will be in an extreme position ; i. e., nearest to the northern limit 
of the species, — the Lofoten Islands (where it occurs, however, only at a 
great depth). . The high correlations of the Forth form unit likewise 
indicate that it is highly specialized; hence not primitive but an out- 
lying branch. 


V. GENERAL Discussion. 
1. The Inconstancy of the Coefficient of Correlation in Allied Races. 


The view that the coefficients of correlation of any two organs of a 
species will be constant for all form units of the species, or even for 
distinct but closely related species, has been long maintained. Weldon 
(1892, p. 9) was led by a suggestion of Galton to compare the coefficient 
of correlation between length of carapace and length of post-spinous 
‘portion of Crangon vulgaris from five localities, and he found that they 
varied between .81 and .85, which, considering the roughness of the 
methods then in use, was an approximately uniform result. In 1893 he 
determined a large number of coefficients between organs in Carcinus 
menas from Naples and from Plymouth. Here the results were not 
very close (e.g., .60 + .01:.70+ .01; .50:.55; .71:.78, etc.), but 
Weldon concluded that, on the whole, they spoke for the identity of the 
coefficients. Nevertheless, the differences were often greater than the 
probable errors, as calculated by Warren (1896); the Plymouth shells 
appearing, on the whole, the more closely correlated. Warren finds, 
moreover, that the correlations of corresponding organs of a different 
genus (Portunus) hardly differ more from those of Carcinus menas than 
do the correlations of the Carcinus from the two localities. 

Pearson (1896, pp. 267, 280) pointed out that Weldon’s values of r 
proved rather the fact of variation of the correlation coefficient ; and he 
obtained the following values of r between the length and the breadth of 
human skulls: Naquada race, r= 0.2705; modern Germans, r = 0.2849 ; 
modern Parisians, r=0.0474; modern French peasants, r=0.1265. 
Also in Dr. Lee’s paper on the skull (1901) we find such discrepancies 
as these: capacity and length: r for Aino, 0.89 + .01; for Germans, 
0.52 + .05; length and height: r for Aino, 0.50 + .05; for Germans, 
—.10 + .07. 

In the present paper the coefficients run quite close, but sometimes 
the difference is several times the probable error. Thus between d-v. 
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diameter and transverse diameter, r is for Eddystone 0.845 + .006, and 
for the Irish Sea 0.784 + .008. The sum of the probable errors is .014, 
but the difference in the coefficients is .061, or four times the sum of the 
probable errors. The results obtained for man are therefore confirmed 
in these Mollusca. The coefficient of correlation of allied races is no 
more constant than the means of their organs. 


2. Geographical Variation in Relation to Evolution. 


In a letter to Moritz Wagner, Darwin declares that he early appre- 
ciated the importance of isolation in the origin of species, and the case of 
the Galapagos Archipelago was one which led him to that appreciation. 
And.later students of island faunas have been struck by the change of 
type in going from one constituent to another of any archipelago. The 
literature on isolation as an evolutionary factor is indeed immense, but 
only recently have biometric studies been directed to the variation of geo- 
graphically separated form units. Some of tlie results of these studies 
may be considered here. 

Geographic races are of two principal kinds: one results from isola- 
tion combined with mutation; such are found under essentially s¢milar 
conditions of life. The other kind results from isolation combined with 
dissimilar conditions of life,and mutation may not occur. The first kind 
is illustrated, apparently, in the Galapagos Islands. Each island has its 
peculiar form of lizards and sparrows belonging to genera that are 
spread over the whole archipelago. Yet the conditions of life on ad- 
jacent islands, remnants as they probably are (Baur, 1892) of a single 
island, must be remarkably similar —as similar as the parts of one of 
the larger islands, in which, however, only one form occurs. Again, 
the successive valleys of the island of Oahu, a3 we know from Gulick 
(1873) and others, are remarkably alike in environmental conditions, 
yet the snails of the genus Achatinella inhabiting them are very unlike. 
Mayer (1902) has shown that the same thing is true for the partulas of 
Tahiti. He says: — 

“Tt is probable that geographical isolation plays a most important part in 
the formation of new species. If two valleys be adjacent, their snails are 
closely related each to each, whereas the wider the separation between any 
two valleys, the more distant the relationship between their snails. The 
ridges between the valleys, being either barren or covered with vegetation 
unsuitable to the snails, afford barriers over which the animals must find it 
more or less difficult to pass. . . . As far as the very limited observation of 
the writer goes, there appears to be no difference in the character of the 
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snails in different parts of the same valley. The difference between any two 
adjacent valleys is, however, very marked. 

“ All the snails of Tipzrui valley are dextral, while all of the same species 
in Pire valley are sinistral. In the two intermediate valleys of Hamuta and 
Fautaua some individuals are dextral and some are sinistral.” 


Now it is clearly absurd to ascribe the dextrality of all the snails of 
one valley to one condition of life and the sinistrality of all the snails 
of another valley to a different condition of life. Sinistrality and dex- 
trality arise suddenly in various groups and are strongly inherited quali- 
ties having no close relation to environmental conditions. 

The opposite extreme of geographic races is induced, or at least 
influenced, by environmental conditions. Such is the case with some 
species of North American birds which are dark in the moist northwest 
of the United States and ash-colored in the southwest. Years ago 
Allen (1871) pointed out that northern mammals spreading southward 
tend to diminish in size with latitude, or as the temperature increases. 

The foregoing types of geographic races are extremes. ‘There will be 
in the different localities all grades of diversity of environmental effect 
from zero up. In the case of the Pecten opercularis studied by me there 
are diverse environmental conditions of temperature, depth, and density 
of the water in the three localities, and these may all have contributed to 
making the shells from these localities dissimilar. It will be worth while 
to compare the results here gained with those derived from other quanti- 
tative studies on geographic races. 

One of the first to study race differentiation quantitatively has been 
Heincke. His great work (1898) is, unfortunately, little known to the 
mass of naturalists.* His measurements of thousands of herrings of the 
North Sea and elsewhere led him to recognize that races of herrings 
exist of which two main divisions are physiologically isolated by repro- 
ducing in the spring and in the autumn respectively, while subdivisions 
of these breed in particular and widely separated localities. Moreover 
the young develop in different conditions of water density ; some in the 
open sea and others in brackish-water harbors, Heincke is convinced 
that the cause of the origin of the diverse herring races is a direct action 
of dissimilar conditions of life. Similarly, Kyle (1900) has found by 
quantitative methods that the plaice (Pleuronectes platessa, L.) from the 
Baltic and the North Sea are distinct races, and he has been able, more- 





* For reviews of this rather inaccessible work see Duncker (1899) and Redeke 
(1902). 
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over, to distinguish a northern and a southern form in the North Sea. 
Kyle attributes the differences to the dissimilar temperatures and salt 
content of the water. The brackish-water forms from the Baltic and the 
Zuider Zee have a smaller number of vertebre than that from the North 
Sea. An increase in temperature brings about a decrease in the number 
of vertebre and fin-rays. Jordan (1893) had previously called attention 
to the law that in fish in genera] the number of vertebra tend to decrease 
toward the tropics. In our pectens the most southern form unit has 
fewest average rays; but this is not universal for pectens. 

The mackerel (Scomber scomber) of the British Isles has also been 
studied quantitatively. Garstang (1898), working on a rather too small 
number of fish from a variety of British localities, distinguished an 
“Trish ” race and a second from the North Sea and English Channel. 
More extensive is the work of Williamson (1900) on mackerel from the 
east and west coasts of Scotland. His fish came from three localities 
forming the angles of a nearly isosceles triangle: Aberdeen on the north- 
east, Barra and Stornoway on the northwest, and Clyde at the south. 
While the fin-rays, finlets, and vertebra do not differ enough to form 
racial distinctions (on Heincke’s method), “the differences in the length 
of the head, skull, and pectoral fin may with some probability be granted 
racial distinction.” 

Among fresh-water fishes also, a comparison of lots from different 
localities shows clearly marked racial differences. Eigenmann (1895) 
has shown in a roughly quantitative fashion that in Leuciscus baleatus 
from near the mouth of the Frazer River of the Pacific coast of North 
America the empirical mode of anal rays is 15; at Sicamous, altitude 
1300, it is 17; and at Griffin Lake in the same basin, but at 1900 feet, 
there are 19 rays. Yet the anal rays of fishes have usually so constant 
a number that they are used as specific or even generic criteria. Even 
in adjacent lakes two lots of a species have been found by Moenkhaus 
(1895) to have an average difference of one in the number of dorsal rays. 
Thus Etheostoma caprodes has in Turkey Lake, Indiana, an average of 
14.804: .02 dorsal rays; in Tippecanoe Lake 15.81+4.03 dorsal rays. 
These two lakes are only six miles apart, but the former drains into the 
Great Lakes and the latter into the Wabash and Mississippi rivers. 
The lakes are essentially similar in size and origin. The difference in 
the number of fin-rays of their fish is probably due to the preservation of 
mutations by isolation. 

In the marine gastropod Mollusca similar geographic races have been 
studied quantitatively. Thus Bumpus (1898) has shown that the shore 
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snails, Littorina littorea, from different localities of Great Britain and 
North America, have a proportion of breadth to height of shell varying 
from 88 to 92.5 per cent, and as Duncker (1898) has pointed out, the 
shells from Great Britain are in all cases much less variable (oc = 2.3) 
than those from North America (o = 2.4 to 3.0). Recently Miss Dimon 
(1902) has shown in Biometrika that the absolute dimensions and pro- 
portions of the mud snail, Massa, vary in different localities of the same 
harbor, and in this case the shells are subjected to diverse environmental 
conditions. 

Bateson (1889), studying cockles from old beaches of southwest 
Asiatic seas that are gradually becoming salter through evaporation, has 
demonstrated most clearly a change in proportions of the shell with 
increasing salinity. 

In some studies on Pecten irradians of our coast from Long Island, New 
York, to Pensacola, Florida, I was struck by the gradual change of the 
shells from place to place; a change of such a nature that one might say 
that the difference in the place modes was a function of the spacial inter- 
val between the places in question. This first study on the pectens of 
Europe yields a similar result. ‘Three lots of one species collected at 
three points on the coast of Great Britain are measurably unlike in size, 
proportions, and average number of rays. And when the lots are 
arranged in the order a, 6, c, in which a and ¢ are the geographical 
extremes, they are found to be the biological extremes also. 

Lastly, the evidence from the shells we have examined bears upon De 
Vries’s law of mutation. Where the environmental conditions of the 
isolated form units are similar the differences met with are easily 
accounted for on the assumption of mutations which are preserved. 
Where, on the other hand, the environmental conditions are dissimilar it 
is obvious that they must produce a change either through their “ direct 
and definite” action * or possibly by selection. To deny that environment 
may act directly to produce profound, eventually specifie changes is to 
deny the evidence of some of the best experimental work in evolution, 
and this experimenta! work has also proved the inheritance of these 
environmentally induced changes. The mutation theory errs, then, in 
stating only a half truth. Through mutation, and also through the direct 
action of environment, specific changes may be produced. 


Hott Zoétocicat LaBporatTory, 
University oF CuicaGo, April 25, 1903. 





* In the sense of Darwin in his Origin of Species, chapters I and V. 
VOL. xxx1x.— 10 
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APPENDIX B. 


Correlation Surface: Antero-posterior Diameter and Dorso-ventral Diameter. 


Ir1sn Sea, Lower VALVE. 
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APPEN 


Correlation Surface: Transverse 


Eppystone Lieut, 


Transverse diameter in tenths of millimetres. 
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DIX D. 


Diameter and Dorso-ventral Diameter. 


LowER VALVE. 


79.498 + 0.824; o = 11.127 + 0.229. 
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Correlation Surface: Transverse 






IrisH Sea, 


Transverse diameter in tenths of millimetres. 
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DAVENPORT. — EVOLUTION OF PECTEN. 


DIX E. 


Diameter and Dorso-ventral Diameter 


LowER VALVE. 


96.607 + 0.272; o = 10.014 + 0.198. 
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DAVENPORT, — EVOLUTION OF PECTEN. 


DIX F. . 


Diameter and Dorso-ventral Diameter. 


Lower VALVE. 


87.594 + .825; o — 10.87 + .281. 
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APPENDIX H. 


APPENDIX G. 


Correlation Surface: Rays and 
Transverse Diameter. 


Correlation Surface: Rays and 
A.-p. Diameter. 


Iniso Sea, Lower VALvE. 


Irish Sea, LOWER VALVE. 


18.101 + 029; o = 1.072 + .021. 


No. of Rays, M 
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APPENDICES I, K. 
Correlation Surface: Ears and Antero-posterior Diameter. 


Ir1so Sea. Lenotu or Ears. 























































































































Anterior, millimetres. Posterior, millimetres. 

M = 17.255 + .040; o = 1.875 + e .028. M = 14.821 + .040; o = 1.878 + .028. 
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